Context. The International Celestial Reference Frame (ICRF), currently based on the position of 717 extragalactic radio sources observed by VLBI (Very Long Baseline Interferometry), is the fundamental celestial reference frame adopted by the International Astronomical Union (IAU) in 1997. Within the next 10 years, the European space astrometry mission Gaia, to be launched by 2011, will permit determination of the extragalactic reference frame directly in the visible for the first time. Aligning these two frames with the highest accuracy will therefore be very important in the future for ensuring consistency between the measured radio and optical positions.
Introduction
The International Celestial Reference System (ICRS) is a kinematical system that assumes that the Universe does not rotate, hence breaking the history of the inertial system materialization from observations attached to the apparent motion of the Sun (Arias et al., 1995) . The International Celestial Reference Frame (ICRF) is the realization at radio wavelengths of the ICRS, through very long baseline interferometry (VLBI) measurements of extragalactic radio source positions. It was adopted by the International Astronomical Union (IAU) as the fundamental celestial reference frame during the IAU XXIIIrd General Assembly in Kyoto, Japan, in August 1997. The initial realization was based on the positions measured with VLBI of 212 defining extragalactic radio sources (setting the direction of the ICRF axes). In addition, positions for 396 other sources (divided into 294 candidate and 102 other sources) were included to make the frame denser (Ma et al., 1998) . The ICRF was extended at later stages with the positions of another 109 sources commonly referred to as new sources . Overall, the ICRF currently consists of a set of VLBI coordinates for 717 extragalactic radio sources, most of which show submilliarcsecond accuracy. The accuracy of the individual source positions depends on the number of observations but also on the compactness and positional stability of the sources that show
Send offprint requests to: G. Bourda brightness distributions that are often not point-like and timevariable (Ma et al. 1998; Fey and Charlot 2000) .
The European space astrometry mission Gaia, to be launched by 2011, will survey about one billion stars in our Galaxy and throughout the Local Group along with 500 000 quasi stellar objects (QSOs), down to an apparent optical magnitude of 20 (Perryman, 2001) . Optical positions with Gaia will be determined with an unprecedented accuracy, ranging from a few tens of microarcseconds (µas) at magnitude 15-18 (targeted accuracies are 16 µas at 15 mag and 70 µas at 18 mag) to about 200 µas at magnitude 20 (Lindegren, 2008) . Unlike Hipparcos, Gaia will permit the construction of an extragalactic frame directly at optical wavelengths, based on the QSOs with the most accurate positions (i.e. the QSOs with magnitude brighter than 18; Mignard 2003) . Mignard (2002) demonstrates that the residual spin of the Gaia frame can be determined to 0.5 µas/yr with a "clean sample" of about 10 000 such QSOs. A preliminary Gaia catalog is expected to be available by 2015 with the final version released by 2019.
In the future, aligning the ICRF with the Gaia celestial reference frame will be crucial for ensuring consistency between the measured radio and optical positions. This alignment will be important not only for guaranteeing the proper transition in the case that the fundamental reference frame is moved from the radio domain to the optical domain (as currently anticipated) but also for registering the radio and optical images of any celestial target with the highest accuracy. To align the two frames with the highest accuracy, it is desirable to have several hundred common objects (the more common objects, the more accurate the alignment) with a uniform sky coverage and very accurate radio and optical positions. Obtaining such accurate positions implies that the link sources must have (i) an apparent optical magnitude V brighter than 18, for the highest Gaia astrometric accuracy (Mignard, 2003) , and (ii) no extended VLBI structures, for the highest VLBI astrometric accuracy (Fey and Charlot, 2000) . This paper is aimed at evaluating the suitability of the current individual ICRF extragalactic radio sources for the alignment with the future Gaia frame. First, the ICRF is cross-identified with the Véron-Cetty and Véron (2006) optical catalog of QSOs in order to identify the ICRF sources with a proper optical counterpart for the Gaia link. The astrometric suitability of these sources is then investigated by examining their VLBI brightness distribution and their position accuracy in the ICRF. In this investigation, the structure index defined by Fey and Charlot (2000) is used to identify the sources that have the most compact VLBI brightness distributions. This study results in a sample of 70 ICRF sources, which have appropriate compact structures on VLBI scales and are brighter than magnitude 18. These sources are at present the best candidates for the ICRF-Gaia alignment.
Optical counterparts of ICRF sources
2.1. Cross-identification of radio and optical positions Véron-Cetty and Véron (2006) compiled several optical surveys of active galactic nuclei (AGN) from the literature in order to create a homogeneous, compact, and convenient catalog of 108 080 objects (85 221 quasars, 1 122 BL Lac objects, and 21 737 active galaxies). To identify the ICRF sources that have an optical counterpart, we have cross-identified the positions in this catalog with those in the ICRF. For this cross-identification, it was necessary to adopt an upper limit on the optical-radio position differences above which the corresponding radio and optical sources were considered as different objects.
We tested the impact of the selected upper limit by carrying out the cross-identification of the two catalogs for several values of this parameter, ranging from 1 ′′ to 5 ′′ , the results of which are shown in Table 1 . From this table, it is found that there are no major differences whether one sets the upper limit value to 3 ′′ , 4 ′′ or 5 ′′ . On the other hand, significantly fewer sources are found to be common when an upper limit value of 1 ′′ or 2 ′′ is selected. Finally we decided to adopt the upper limit value of 3 ′′ , equivalent to three times the accuracy of the optical positions in the Véron-Cetty and Véron (2006) catalog, which is roughly at the 1 ′′ level. Uncertainties in the VLBI positions make a negligible contribution to the position differences since such uncertainties are at the milliarcsecond level.
Based on this cross-identification, we determined that 75 % of the ICRF sources (i.e. 535 sources out of a total of 717 ICRF sources) have an optical counterpart in Véron- Cetty and Véron (2006) .This set of sources includes 406 quasars (76 %), 65 BL Lac objects (12 %), and 64 active galaxies (12 %). These results are comparable to those of Souchay et al. (2006) who used the Véron-Cetty and Véron (2003) optical catalog for the crossidentification. Based on these statistics, there is no evidence for any dependence of the existence of optical counterparts on ICRF source categories. The sample of sources identified here forms the initial pool of ICRF sources from which to identify the best candidates for the Gaia link after consideration of optical magnitudes, source structure, and astrometric accuracy.
Distribution of optical magnitudes
In a second stage, we investigated the distribution of the apparent optical magnitude V for the 535 ICRF sources identified in the previous step. Five of these sources, with undefined optical magnitudes in the Véron-Cetty and Véron (2006) catalog, have not been considered. As shown in Fig. 1 , the distribution of optical magnitudes peaks at V between 18 and 19 with the bulk of the sources brighter than V = 20. Overall, there are 485 sources brighter than 20, i.e. detectable by Gaia, while only 45 sources are weaker than 20. When restricting the magnitude limit to 18, the sample is reduced by a factor of 2, leaving only 243 sources. These 243 sources, representing 34 % of the ICRF catalog, would be good candidates for establishing the alignment with the future Gaia celestial reference frame, provided they show limited structure on VLBI scales and have high VLBI positional accuracy. 
Astrometric suitability based on observed VLBI structure
The quality of the alignment between the ICRF and the Gaia frame will depend strongly on the astrometric suitability of the sources used for this alignment. To ensure the highest accuracy, the sources with the highest astrometric quality from the above sample should be used. On the milliarcsecond scale, most of the extragalactic radio sources exhibit spatially extended structures that vary in both time and frequency. As shown by Charlot (1990) , such structures may introduce significant errors in the VLBI measurements that deteriorate the source position accuracy. The astrometric suitability of the sources may be estimated from the observed structures through the so-called "structure index", first introduced by Fey and Charlot (1997) . The structure index ranges from 1 to 4. Structure index values of 1 or 2 point to the most compact sources with the highest astrometric quality, whereas higher values of the structure index (3 or 4) correspond to sources with extended structures, which are less suitable for astrometry. For the alignment of the ICRF and Gaia frame, only sources with structure index values of 1 or 2, i.e. with the highest astrometric quality, should be used since one wants to determine the link with the highest accuracy.
The structure index distribution for the 485 optically-bright ICRF sources with an apparent optical magnitude V ≤ 20 (see Sect. 2) was investigated and is plotted separately for the sources with V ≤ 18 and for those with V between 18 and 20 in Fig. 2 . For these plots, structure indices from the most recent calculation by Charlot et al. (2006) were used, and the distribution is shown for both S and X bands, the two standard frequency bands used in VLBI astrometry. Overall, structure index values are available for 410 sources at X band (205 sources with V ≤ 18 and 205 sources with 18 < V ≤ 20) and 345 sources at S band (169 sources with V ≤ 18 and 176 sources with 18 < V ≤ 20). Interestingly, the sources with magnitude V ≤ 18 tend to have larger structure indices than those with 18 < V ≤ 20, as noticed when comparing the corresponding distributions in Fig. 2 . This indicates that the brighter optical sources have statistically more extended radio structures. Based on this analysis, it is also found that only 70 ICRF sources out of those with V ≤ 18 have an excellent or good astrometric suitability (i.e. an X-band structure index value of either 1 or 2) appropriate for determining the Gaia link with the highest accuracy (see list in Table 3 ). This represents only a small fraction (about 10 %) of the entire ICRF cata- log. The sky distribution of these 70 sources, plotted in Fig. 3 , is reasonable but indicates that there is a general lack of sources.
Discussion
This paper is aimed at identifying from the current ICRF extragalactic radio sources the best candidates to establish an accurate alignment with the future Gaia frame. Figure 4 summarizes the successive steps completed to achieve this goal. We first pointed out that 75 % of the ICRF sources have an optical counterpart (535 sources), while less than half of these are potential candidates for the alignment with the future Gaia frame (243 ICRF sources with V ≤ 18, i.e. with the best positions measured by Gaia). And finally, we concluded that only 10 % of the ICRF sources can be identified currently as the best candidates to establish this alignment with the highest accuracy (70 opticallybright ICRF sources with the highest astrometric quality).
To supplement this study, we also investigated the distribution of position accuracy, as available from Ma et al. (1998) and Fey et al. (2004) , which is plotted in Fig. 5 for the 485 opticallybright ICRF radio sources with V ≤ 20. From this figure, we can notice that the sources with 18 < V ≤ 20 appear to have higher positional accuracy than those with V ≤ 18. This is especially noticeable when comparing the fraction of sources with position accuracy better than 0.5 mas and those with positional accuracy in the range 0.5-1 mas. This fraction is 71% for the sources with 18 < V ≤ 20 (135 sources out of a total of 190 sources with po- Fig. 2 . Distribution of the X-and S-band structure indices among the optically bright ICRF sources; upper panel: X-band structure index distribution; lower panel: S-band structure index distribution; left-hand side: sources with V ≤ 18; right-hand side: sources with 18 < V ≤ 20. sition accuracy better than 1 mas), whereas it is 55 % for the sources with V ≤ 18 (98 sources out of a total of 177 sources with position accuracy better than 1 mas). This trend is also confirmed when comparing the median positional accuracy, which is 0.60 mas for the sources with V ≤ 18 and 0.47 mas for the sources with 18 < V ≤ 20. Such a finding is consistent with our results on astrometric suitability (Sect. 3), which indicate that the brighter sources (V ≤ 18) have statistically more extended VLBI structures. It is thus likely that the deteriorated position accuracy for the V ≤ 18 sources in Fig. 5 is a result of their having larger structures. A similar correlation between source structure and position accuracy was also reported by Fey and Charlot (2000) . In the context of Gaia, this means that the sources that will have the most accurate optical positions measured by Gaia are not statistically those that have the best measured positions in the ICRF. It will thus be crucial in the future to unveil more high-quality optically-bright radio sources suitable for the Gaia link beyond those currently identified from the ICRF and reported in Table 3. A first opportunity to find such sources may come from the second generation of the ICRF (ICRF-2), currently under development, which will improve the position accuracy of the current ICRF sources and provide VLBI positions of additional sources. This new frame will rely on data acquired by international observing programs organized through the International VLBI Service for Geodesy and Astrometry (Schluter and Behrend, 2007) or other programs such as that developed in the southern hemisphere by the United States Naval Observatory (Ojha et al., 2004 (Ojha et al., , 2005 . Another option would be to use the Very Long Baseline Array (VLBA) Calibrator Survey (VCS), which comprises milliarcsecond accurate positions for about 3000 additional sources along with images for a large fraction of those sources (Beasley et al., 2002; Fomalont et al., 2003; Petrov et al., 2005 Petrov et al., , 2006 Kovalev et al., 2007; Petrov et al., 2008) . Finally, an additional possibility is to search for new VLBI sources, by targeting radio sources weaker than those observed so far in VLBI astrometry (i.e. with flux densities typically below 100 mJy). Such sensitive observations can now be realized owing to recent increases in the VLBI network sensitivity (e.g. recording at 1 Gb/s) and by using a network comprising large antennas like the European VLBI Network (EVN) (Charlot, 2004) . This identification of new opticallybright VLBI sources for the Gaia frame alignment is the purpose of an observational program initiated in 2007 which focuses on 450 weak radio sources selected from the NVSS (NRAO VLA Sky Survey; Condon et al. 1998 ) and brighter than the apparent optical magnitude 18. In the initial step, about 90 % of these weak radio sources have been detected during an EVN pilot experiment (Bourda et al., 2008) , hence drawing good prospects for increasing the pool of VLBI extragalactic radio sources suitable for aligning the ICRF and the future Gaia frame with the highest accuracy. Another issue that might affect the choice of sources for this alignment is the possible variability of the apparent magnitude for the extragalactic sources observed at optical wavelengths. These variations are common and can easily reach one magnitude unit, especially for BL Lac objects that are known to vary on short time scales, as illustrated in Fig. 6 . Such variability may affect the selection of candidate sources for the alignment of the ICRF and the Gaia frame if only a limited number of measurements are available for their optical magnitude. For this reason, it is desirable to engage in a long term optical monitoring on these candidate sources, especially those that have a magnitude near 18, to determine if on average they have an optical magnitude that is brighter or weaker than 18. While the results of this monitoring might impact at some level the list of sources in Table 3 , this should not significantly change the percentage of suitable ICRF sources currently available for the Gaia frame alignment.
Finally, it is important to note that obtaining the alignment between the ICRF and the future Gaia frame with the highest accuracy is essential, not only to ensure the consistency between the measured radio and optical positions, but also to pinpoint the relative location of the optical and radio emission in AGNs to a few tens of µas. In fact, the optical and radio emission may not always be spatially coincident at this level of accuracy due to opacity effects in AGN jets. For example, Kovalev et al. (2008) shows that on average the optical-radio core shift is at the level of 100 µas from studying a sample of 29 objects, which is significant considering the expected accuracy of the Gaia catalog and the one foreseen for the ICRF by 2015-2020. It will thus be important to use a large number of objects in aligning the two frames so that positional inconsistencies are averaged out. On the other hand, the differences between the optical and radio positions may provide a direct measurement of such core shifts, which would be of high interest for probing AGN jets properties.
Conclusion
This study focused on the astrometric suitability of the current ICRF extragalactic radio sources for the alignment with the future Gaia frame. We identified 243 candidate sources for this alignment, but only 70 of these (10% of the ICRF) possess the high astrometric quality required to ensure the highest accuracy in the alignment. Accordingly, the current number of VLBI sources for accurately aligning the ICRF and the future Gaia frame is not sufficient. We also showed that the QSOs that will have the most accurate positions measured with Gaia are not those that have the best astrometric positions in the ICRF statistically.
To compensate for the lack of high astrometric quality extragalactic radio sources for this alignment, the VCS catalog, along with the future ICRF-2, will be of high interest. An additional direction would be to identify new appropriate VLBI sources from current deep radio surveys. These solutions mostly concern the northern hemisphere, since the VLBI arrays and observations are concentrated in this part of the world. However, to ensure a homogeneous sky coverage, a major effort is also necessary in the southern hemisphere, most specifically for the declinations below −40 • . To this end, the Asia Pacific Telescope (Gulyaev and Natusch, 2007) is likely to play a significant role. Table 3 . List of the 70 ICRF extragalactic radio sources suitable for the alignment with the future Gaia frame. The column labelled 'SI' gives the X-band structure index of the source. The column labelled 'Cat.' details if the source is categorized in the ICRF as defining (d), candidate (c), other (o) or new (n); and the columns labelled 'VV2006 name', 'Type' and 'V' indicate respectively (i) the name of the source in the optical catalog Véron & Véron (2006) , (ii) the source type (quasar (Q), BL Lac object (B) or active galaxy (A)), and (iii) its apparent optical magnitude.
